The earthquake attenuation behaviour is a critical part of seismic hazard modelling for regions of low and moderate seismicity. This paper presents a new approach for attenuation modelling, which does not involve the use of strong motion data, and is based on taking measurements of the shear wave velocity (SWV) in bedrock by a noninvasive technique to characterize the transmission of seismic waves. The developed filters are then applied to the generic source model for intraplate earthquakes for calculating the frequency content of seismic waves at the bedrock surface and was used as input to soil response analyses for the determination of site seismic hazard. Ground motion parameters and response spectra are then obtained from the stochastically simulated accelerograms to develop representative attenuation models for rock conditions. The described approach of obtaining a seismic attenuation relationship based on modelling the rock and soil crustal properties is not constrained to any particular environment. Thus, the approach is described as generic. The northern suburbs of the city of Melbourne, Australia, have been used as the study area to illustrate the modelling procedure. The peak ground velocity values (PGV's) predicted from attenuation relationship developed from this study are well correlated with the PGV's inferred from MMI Intensity data of historical earthquakes felt in Melbourne over the past hundred years.
INTRODUCTION
Governments and property stakeholders around the globe are increasingly conscious of the need to develop contingency plans for countering potential large scale man-made, and natural, disasters including earthquake disasters. Seismic hazard modelling forms part of the risk mitigation measures. Given that no area on earth is completely immune to the risks of a destructive earthquake, seismic hazard modelling may need to be undertaken in countries without the recent experience of an earthquake disaster and with a paucity of instrumented data of destructive ground shaking. The two key challenges in the development of a seismic hazard model in such an environment are associated with: (i) determining the spatial and temporal distribution pattern of future earthquake occurrences in the region, and (ii) determining the attenuation relationship which defines the MMI Intensity of ground shaking as functions of earthquake magnitude (M) and epicentral distance (R).
Taking Australia as an example, accelerograms that were recorded within the continent were typically taken from small magnitude events, aftershocks, or from long epicentral distances McCue et al. (1995) . Near-field motions of engineering significance are very difficult to capture due to the infrequent, and seemingly random, nature of intraplate earthquakes. Strong motion accelerograms that were recorded from outside the continent may mis-represent local conditions. Local representative strong motion records are typically insufficient for the development of a conventional empirical attenuation model based on regression of strong motion data. Close monitoring of seismic activities in recent years at Burakin, Western Australia, enabled an attenuation model to be developed for this region, but records have only been obtained from events with magnitude not higher than 4.6 ( Allen et al. 2004) .
Historical MMI Intensity data presented in the form of Iso-seismal maps has typically been used to develop what are known as Intensity attenuation relationships. The development of such relationships requires welldocumented archives of historical earthquake events spanning a long period of time in order that areas possessing different conditions are represented in the database. However, the available records only make it possible to develop attenuation relationships for broad sub-regions. In Australia for example, attenuation relationships have been developed for Western Australia, South-eastern Australia and North-eastern Australia based on MMI Intensity data (Gaull et al. 1990) . Data is limited to a few major historical events clustered in certain locations. Thus, there is a great deal of uncertainties associated with intra-regional variability. A further shortcoming of the MMI Intensity data is that it does not provide information on the frequency properties of the earthquake ground shaking.
In addressing this challenge of developing representative attenuation relationships, this paper presents a new approach requiring no instrumented strong motion data nor historical MMI Intensity data. The modelling is based on taking measurements of the shear wave velocities within basement rock in order that filter functions characterizing seismic wave transmissions can be determined. This filter function of the basement rock is representative of the area surrounding the site and is distinguished from the usual "site filter" obtainable from well-established geotechnical engineering analyses (eg. program SHAKE91 by Idriss and Sun 1992) in which the response behaviour of soil sediments above bedrock is modelled. The "basement rock" and "soil" filters can now be combined with a pre-defined generic source factor within the framework of seismological modelling to complete the characterization for earthquake ground shaking. (Section 2 of this paper presents a brief description of the overall framework of seismological modelling).
It is noted that the response analysis of a structure is in essence applying ground motions to a linear (or nonlinear) filter representing the dynamic properties of the structural system. In a unified framework for seismic hazard modelling, the structural transfer function (or "filter") representing a building, or a bridge, can now be combined with the basement rock transfer function representing regional and local seismic attenuation characteristics in rock and site transfer function representing the dynamic response properties of the soil sediments.
The developed procedure is illustrated in this paper with the Melbourne northern inner suburbs of ParkvilleFlemington-North Melbourne as the selected study area (abbreviated herein as "North Melbourne"), having a total area of about 7-8 square km (refer Figure 1) . In this part of Melbourne, Silurian mudstone (basement rock) either outcrops at the surface or is covered by a relatively thin layer of geologic material making the area ideal for modelling the filtering properties of the basement rock.
Following a brief introduction of the seismological model, a shear wave velocity model for the study area is developed in accordance with measurements taken using passive seismic microtremor observations combined with the spatial auto-correlation (SPAC) technique for array processing, as described in Section 3. Bedrock filters are then derived to represent various regional and local wave modification mechanisms in Section 4. Artificial accelerograms are then obtained by stochastic simulations and the corresponding response spectra calculated and averaged. In Section 5, comparisons are made between the PGV attenuation relationships derived from the simulated ground motions and the PGV's inferred from historical MMI Intensity data.
The key innovative element of the presented methodology is in obtaining shear wave velocity information in bedrock using non-destructive means and incorporating this information to develop an attenuation relationship for the region of interest. The methodology when fully developed is of great potential benefits to regions with a paucity of strong motion data. 
SEISMOLOGICAL MODELLING
In this section, the overall framework of seismological modelling is described.
The attenuation modelling for Central and Eastern North America (CENA) has been based on the seismological modelling approach, which was initiated by research in the early 1980's (e.g. Boore 1983 ). Seismogram data recorded from both small and moderate magnitude events occurring mainly in CENA were analysed to develop a Fourier spectrum model defining the frequency contents of seismic waves radiated from the source of an intraplate earthquake (e.g. Atkinson 1993 ). Whilst the developed seismological model was strictly applicable only to CENA, a potentially important attribute of this model is the resolution of ground motion into distinct source and path components (Boore and Atkinson 1995; Atkinson and Silva 1997; Atkinson and Boore 1998) .
In seismological modelling, the Fourier amplitude spectrum A X (f ) of seismic waves reaching the surface of bedrock may be expressed as the product of the source factor and a number of local and regional factors, as defined by Eqn 1.
where S(f) is the generic source factor, γ γ mc is the mid-crustal factor, V a ( f ) the local upper crustal amplification factor, and P( f) the local upper crustal attenuation factor, An( f ) the regional anelastic whole path attenuation factor, and G the regional geometric attenuation factor. A listing of the expressions for each of these source and path factors is given in Lam et al. (2000) . The generic source factor generalises the average frequency contents of seismic waves radiated from the source of an earthquake. An important milestone in seismological modelling was the development of generic source factors for intraplate and interplate earthquakes (Atkinson 1993; Atkinson and Silva 2000) .
In previous modelling studies (eg. , crustal factors have been generalised to broad classifications of the earth's crust into generic hard rock and rock as defined by Boore and Joyner (1997) . The geology of Western and Eastern Australia has been identified with the generic hard rock and rock conditions, respectively, whilst the intraplate source model has been used for the whole of Australia. Thus, the ground motion model for different regions in Australia, and North America, can be represented by a combination of generic factors representing the properties of the earthquake source and the appropriate rock class (refer Table 1 for a listing of the combinations).
Despite the success in applying this modelling methodology involving generic rock classes to different countries, it is recognised that the methodology requires further improvement. The broad classification of the earth's crust into two broad generic types (i.e. "hard rock" and "rock") can be refined using parameters that more precisely represent local crustal conditions. For example, crustal conditions within Eastern Australia are variable and might deviate significantly from the Generic Rock model in some areas. Details on intraregional variability could only be obtained by studies involving geophysical measurements.
The objective of this paper is to introduce the latest version of the developing methodology that allows local geophysical measurements to be incorporated directly into seismological modelling. Upper crustal amplification and attenuation mechanisms occurring in approximately the upper 4 km of the earth's crust can be considered as local mechanisms and hence are represented by local factors. Modelling upper crustal factors requires a crustal velocity model for the area to be developed, as described in Section 3.
Regional factors representing anelastic whole path attenuation, An(f ), and geometrical attenuation, G can be derived from the following seismological parameters: Quality factor, Q, and depth of the earth's crust, D estimated for southern Victoria. Details of modelling for each of these factors are presented in Section 4.
SHEAR WAVE VELOCITY MEASUREMENT AND MODELLING FOR STUDY AREA

Shear Wave Velocity Measurements Using
Microtremors and the Spatial AutoCorrelation (SPAC) Method A passive seismic investigation technique using an array data processing method known as the spatial autocorrelation (SPAC) method has been used to measure shear wave velocity profiles down to depths of approximately 100-200 metres into Silurian mudstone which is the basement rock in this region of Victoria. The N. Lam, S. Venkatesan, J. Wilson, M. Asten, J. Roberts, A. Chandler and H. H Although the amplitude and frequency content vary with both space and time, microtremors form a background seismic noise "field" of low amplitude waves, with most of the energy transported as surface waves which are dispersive (meaning that the velocity of propagation is dependant upon frequency). The velocityfrequency relationship is governed by the shear-wave velocity structure of the earth. The SPAC technique has as its basis, a mathematical formulation first put forward by Aki (1957) which shows that the azimuthally averaged signal coherency measured using an array of geophones is a simple function of phase velocity regardless of the direction of wave propagation; the method is particularly useful with microtremor noise where by definition noise sources and direction of propagation are not well known. The velocity-frequency dispersion curve derived from the SPAC processing of the seismic array may be inverted to a layered-earth model which yields an estimate for the shear wave velocity structure in the subsurface over a wide range of depths.
Detailed explanation of the theoretical basis of the SPAC technique is not given in this paper, which deals with the application of the technique to seismic hazard modelling. Readers are directed to Okada (2003) and Asten et al. (2004) for general details of the SPAC technique and to Asten et al. (2002 Asten et al. ( , 2003 and Asten (2004, 2005) for a description of the processing and interpretation methodology. Comparison of the accuracy of the method for shear-velocity profiling compared with other invasive and noninvasive methods is given in Asten and Boore (2005) . Details of the field surveys undertaken in this study in Melbourne in regard to geophone configurations, data collection and processing were reported in . A photograph taken from Trinity College during a survey exercise is shown in Figure 2 along with a plan view of the geophone array configuration.
SPAC surveys have been carried out at Trinity College, Royal Park and Flemington Oval to develop an average shear wave velocity profile for the study area of North Melbourne as defined in Figure 1 . Further SPAC surveys have been carried out in other suburbs across Melbourne, in Burnley, Altona and Clayton (Monash University) for comparison with the shear wave velocity profile estimated for the study area.
Shear wave velocity (SWV) profiles obtained from the SPAC surveys are presented, herein, in Figure 3 (a) for sites located within the study area (of North Melbourne), and in Figure 3 (b) for sites located in the other Melbourne suburbs. The "mean SWV in rock" which represents estimated averaged conditions in basement rock (ie. with zero depth representing the bedrock surface) was incorporated into the modelling for the regional crustal SWV profile. It is noted that the SWV profile at Altona is not shown because the SWV information in rock could not be resolved at that site due to an anomalous geology consisting of thick soft Quaternary sediments with inter-bedded basalt flows.
According to the model SWV profile developed by Chandler et al. (2005a) , referred herein as the "Chandler SWV model", the variation of the SWV (or Vs) within the "Upper Sedimentary Layer" in basement rock, can be expressed in the form shown by Eqn 1, with the value of "n" equal to 4. This upper sedimentary layer consists wholly of rock sediments and is not to be confused with soil sedimentary layers. 
is minimised, where V s,i (Z) and V s,c (Z i ) is the measured and modelled SWV respectively at depth Z i . Using this proposed methodology, V s,30 is estimated at 1400 m/sec to define the SWV profile for the upper bedrock layer (with the "30 m" being measured from the upper surface of the bedrock).
Shear Wave Velocity from Global
Seismological Database The SWV profile down to the source of the earthquake, typically at depths of 5-10 km, will also need to be modelled from seismic refraction data.
Seismic refraction data published in the period 1948-1995 from worldwide sources has been collated to develop a database (initially known as CRUST5.1) which enables information on the layering of the earth's crust to be identified for any area around the world. The model was specified initially on a 5°× 5°grid of cells (or "tiles"), and later refined to a 2°× 2°grid (CRUST2.0 2001). Physical properties of the crust and the uppermost mantle are reported for numerous sedimentary and crystalline rock layers overlying the mantle.
The overall crustal structure of the region of southern Victoria surrounding Melbourne and Geelong was obtained from the global database of CRUST2.0 based on three 2-degree tiles surrounding Melbourne with latitude ranging between 36 deg. and 38 deg. south and longitude ranging between 142 deg. and 148 deg. North, as shown in Figure 4 .
In this region, the thickness of the upper sedimentary layer Z s has been determined as 500 m (on a global scale, the thickness of the upper sedimentary layer can be in the order of tens of metres to a few kilometres). There is no lower sedimentary layer in this region. Thus, the depth to the surface of the crystalline crustal rock layer Z c is also 500 m. The SWV at 8 km depth is reported as V s,8 = 3.5 km/sec. Refer Figure 5 for a diagrammatic summary of the SWV information reported from CRUST2.0. This crustal condition is defined as "non-glaciated shallow sediments" in the classification scheme of Chandler et al. (2005a) .
The following curve-fit procedure was applied to define the entire SWV profile for seismological modelling (refer Figure 6 ):
(i) Given V s,0.03 = 1400 m/sec from the SPAC surveys presented in Sec.3.1, a line defined by Eqn 2 with n = 4 in accordance with the recommendations of Chandler et al. (2005a) for N. Lam, S. Venkatesan, J. Wilson, M. Asten, J. Roberts, A. Chandler and H. H. Tsang Advances (iii) Given V s,4 = 3,300 m/sec, a third line defined by Eqn 1 with n = 6 is continued through the rest of the crystalline layers (zone IIIA) until reaching the lower end of the first line drawn in step (i). At depth of 0.5 km, V s,0.5 is calculated to be 2,300 m/sec on the "crystalline" side of the interface which is compared to a slightly higher value of V s,0.5 = 2,800 m/sec (calculated previously in step i ) on the "sedimentary" side of the interface. The line in Zone IIIA was then adjusted slightly to meet with the line in Zone IA without a step change in the SWV. The value of "n" for this adjusted best-fit line is approximately equal to 12. The complete SWV profile obtained from the above procedure is represented by Eqns 3a-3b and shown diagrammatically in Figure 6 . At this stage, only three sites within the study area have been surveyed to illustrate the methodology. It is noted that the robustness of the SWV model could be improved by undertaking further surveys within the study area. In Figure 6 , the line representing the SWV profile obtained for the study area defined by Figure 1 (combining SPAC surveys with CRUST2.0 information) is shown in bold along with a broken line representing the SWV profile inferred for the southern Victorian region as a whole as defined by the square tiles in Figure  4 . SWV in the latter region was inferred wholly from CRUST2.0. The significant differences between the two lines demonstrate considerable intra-regional variability of the SWV profile within southern Victoria. In Figure 7 , the SWV profile determined for the study area of North Melbourne (being a subset of southern Victoria is compared further with the generic "hard rock" and "rock" profiles of Boore and Joyner (1997) . The contradictions between Figure 7 and Table 1 once again demonstrates intra-regional variability.
SEISMOLOGICAL MODEL FOR THE
STUDY AREA The SWV profile modelled in Section 3 was used to develop a filter function of the earth's crust for North Melbourne (the study area). This filter function characterising the "path" effects modifies the frequency content of seismic waves radiated from the source of the earthquake (refer Sec. 
Source Factor and Mid-Crustal Factor
The generic source factor S( f ) defining the displacement Fourier amplitude spectrum of the seismic shear waves generated at the source of the earthquake is of the form proposed originally by Atkinson (1993) , as given by Eqns. 4 and 5:
where
N. Lam, S. Venkatesan, J. Wilson, M. Asten, J. Roberts, A. Chandler and H. H M 0 is the seismic moment, R p the wave radiation factor, F the free surface amplification factor, V the factor partitioning energy in the two orthogonal directions [the product R p FV has been taken as 0.78 (Lam et al. 2000) ], ρ the density of the rock at the depth of rupture and β the SWV of the rock at the depth of rupture. The intra-plate source model of Atkinson (1993) was based on the generic hard rock conditions of CENA with ρ = 2.8 tonne/m 3 and β = 3.8 km/sec at a depth of approximately 12 km. (Refer Atkinson and Silva (1997) and more recent reviews : Atkinson and Boore (1998); Lam et al. (2000) ).
The magnitude-dependent corner frequencies f A , f B and the proportioning factor ε of the adopted intra-plate source model of Atkinson (1993) , also termed the CENA source model, are listed as follows:
The source model expressed in the form of a velocity Fourier amplitude spectrum (being 2πf times the displacement amplitude spectrum) is presented in Figure 8 , which shows the dependence of the source frequency content on the moment magnitude of the earthquake. The generic source factor for intra-plate earthquakes as developed by Atkinson (1993) has been used to represent conditions in CENA. Earthquake simulations derived from this source model has been found by the authors to also match with field observations in South China , Australia , Singapore (Balendra et al. 2002) , Taiwan and India . The good agreement of the modelled ground motions with records and field observations from historic and recent earthquake events occurring in these regions offers support for the generalisation of the source model albeit the controversial deviation of the modelled frequency contents from that defined by the classical Brune's model with large magnitude (M > 6.5) earthquakes.
The amplitude of S-waves generated from the source of the earthquake is proportional to the SWV of the surrounding crust raised to a power of 3, according to Eqn 4d. Adjustments to allow for other parameter values can be made through the mid-crust modification factor defined by Eqn 6.
(6) Shallow earthquakes with centroid of the fault rupture located within the depth range of 5-8 km have been estimated to have ρ = 2.8 tonne/m 3 and β = 3.5 km/sec, which are consistent with values estimated from the CRUST2.0 tiles of southern Victoria (Figure 4) . The mid-crustal amplification factor has accordingly been taken to be equal to 1.3.
Upper Crustal Amplification Factor
The upper crustal amplification factor can be calculated using the principle of conservation of energy as defined by Eqn 7 in conjunction with the quarter wave length rule of Boore and Joyner (1997) . (7) where ρ A , ρ B , ν A and ν B are the densities and SWV respectively, for the media through which shear waves propagate (from medium A to B).
The averaged density and SWV above a given depth are taken as ρ B and ν B , respectively, whereas the same quantities estimated at the source of the earthquake (i.e. at 8km depth) can be taken as ρ A and ν A . The amplification factor calculated from Eqn 7 for each depth interval was correlated with the respective frequency (which is the reciprocal of 4 times the traveltime of waves reaching the ground surface from the given depth). The frequency dependent amplification factor for North Melbourne is shown in Figure 9 (refer "upper crust amplifications only" in the figure legend). An increase in the value of the amplification factor with increasing wave frequency is noted.
Upper Crustal Attenuation Factor
The upper crustal attenuation factor, which represents the attenuation of waves in the upper 4 km of the earth's (8) where parameter κ (pronounced "kappa") can be measured from analysis of the Fourier transform of seismic waves recorded from the very near-field (Anderson and Hough 1984) .
Recommendations for the value of κ have been made for California, British Columbia and various regions in Europe (as summarized by Chandler et al. 2005b ), but information available in regions of low and moderate seismicity around the world is still very restricted. In view of this and difficulties in capturing near-field data, a model which relates the κ parameter to the SWV of the earth's crust has been developed. The developed model as summarized in Figure 10 was obtained from empirical correlation of shear wave velocity with the κ parameter as reported in the literature from worldwide sources. The correlation is based on the premises that the lower the SWV of the earth's crust, the higher proportion of energy is absorbed by the crustal materials for given wave amplitude. Details are reported in Chandler et al. (2005b) . Factors affecting the value of κ other than SWV are manifested by scatters in the correlation. A mean κ value of 0.025 is inferred from Figure 10 based on a SWV value of V s,0.03 = 1400 m/sec determined for North Melbourne. Substituting κ = 0.025 into Eqn 8 gives the frequency-dependent crustal attenuation factor P( f ) which is combined with the amplification function presented in Section 4.2.
Anelastic Whole Path Attenuation Factor
Anelastic whole path attenuation is a regional mechanism and must be distinguished from the local amplification and attenuation mechanisms of the upper crust, or modification mechanisms within the overlying soil medium. The anelastic whole path attenuation mechanism may be characterized using the value of the seismological quality factor Q (equivalent to Q 0 , namely Q at frequency of 1 Hz) as obtained from seismological monitoring in the region.
The Quality factor, Q, has also been correlated by Chandler et al. (2005b) with the SWV parameter V s,0.03 (in a manner similar to that presented above for the κ parameter). The SWV model associated with southern Victoria (as opposed to just North Melbourne) was used in the estimation, considering that the attenuation properties of the entire wave travel path are represented Lam, S. Venkatesan, J. Wilson, M. Asten, J. Roberts, A. Chandler and H. H. Tsang Advances Chandler et al. (2005b) by Q. Given that V s,0.03 is on average at around 700 m/sec in the regional model (represented by the broken line in Figure 6 ), a low Q 0 value of approximately 200 is inferred from the correlation, which is interestingly very close to the value of 204 estimated for California. (Atkinson and Silva 1997) and is compared to an even lower value of 100 reported by Wilkie and Gibson (1995) based on seismological monitoring of 16 small magnitude events (M ≤ 4) occurring in Victoria.
The Q 0 value of 200 is based on the reference frequency of one Hertz. The Q( f ) function defining the frequency dependent attenuation properties is given by Eqn 9. (9) where n is taken as 0.56 consistent with the value adopted in California (Atkinson and Silva 1997) .
Eqn 9 was then substituted into Eqn 10 to develop the filter function An( f ) representing the effects of whole path attenuation of seismic waves propagating in southern Victoria. (10) where f is the wave frequency, R is the length of the wave travel path and V s is the SWV.
Geometrical Factor
The Geometrical (G) factor represents the attenuation of the amplitude of the radiated seismic waves resulting purely from the geometrical spread of energy (as opposed to dissipation of energy). The G factor in the near-field conforms to spherical attenuation and is independent of regional conditions as shown in Eqn 11a. G becomes regionally dependent in the far-field where the attenuation pattern is influenced significantly by seismic waves reflected from the Moho discontinuity, which defines the interface between the earth's crust and the underlying lithosphere. The "zero-attenuation" zone represented by Eqn 11b is a feature of the tri-linear model and is an approximation to the observed abrupt change in the rate of attenuation associated with interferences from the Moho reflection. The significance of the Moho reflection increases with decreasing thickness of the earth's crust, according to Eqns 11b and 11c. This trilinear attenuation model was developed originally from seismological observations (Atkinson and Mereu 1992) and was confirmed more recently in Chandler and Lam (2004) in which the recorded attenuation of ground shaking at long distances from recent major earthquake events were compared to ground motions simulated using the seismological model.
where R is the source-site distance of the earthquake and D is the crustal thickness which is taken to be 30 km in this study.
Combining Filter Functions with Generic
Source Factor The filter functions representing both the local upper crustal conditions of North Melbourne and the regional attenuation properties of southern Victoria, as presented under separate sub-headings in Section 4.2-4.5, are summarised in Figure 9 (refer solid line for the combined filter representing the "all path effects"). The combined filter is then applied to the generic source factor for intraplate earthquakes (summarized in Section 4.1) to define the frequency content of seismic waves reaching the bedrock surface in the study area.
Note, shaking on the rock surface can be modified further by the overlying soil sediments. Such additional filtering mechanisms associated with the soil sediments are site specific and are beyond the scope of this paper.
STOCHASTIC SIMULATIONS
Artificial accelerograms were simulated stochastically using program GENQKE (Lam 2002; Lam et al. 2000) based on the Fourier amplitude spectrum obtained by multiplying all the filter functions by the generic source factors defined by Eqns 4 and 5. The duration of the simulated accelerograms and the modulation of their amplitude with time was modelled in accordance with observations from real earthquakes (Lam 1993; Lam et al. 2000) . The accelerograms were then analysed to obtain the response spectra.
Response spectra calculated from some 18 accelerograms with random phase angles were then averaged for each of the considered earthquake scenarios as shown in Figure 11 (a) and 11(b). The significance of the filtering effects is evident from the comparison of the response spectra presented in the figure.
The response spectra calculated for different earthquake scenarios as presented in Figure 11 (b) based on seismological modelling enables attenuation relationships for the study area to be developed. The Component Attenuation Model (CAM) was developed
using this approach (a review of CAM is given in ). The modelled PGV is notional in nature and is defined as the highest response spectral velocity divided by 1.8 given that what really matters is the response velocity of the structure rather than that of the ground (Wilson and Lam 2004) . The attenuation relationship for PGV developed using the described approach is shown in Figure 12 . Also shown on the same figure is the PGV's inferred from the MMI Intensity records of three historical earthquakes felt in Melbourne over the past one hundred years (refer figure legend for the listing). The earthquake magnitude for the historical earthquakes were reported on the local magnitude (M L ) scale. The transformation from MMI of the historical records to PGV (mm/sec) was based on Eqn 11a (Atkinson and Sonley 2000) .
log(PGV) = -1.09 + 0.16 MMI -0.37
where PGV is in units of cm/sec; D is epicentral distance in km and M is moment magnitude. Predictions by Eqn 11a are very consistent with peak ground velocities recorded during the magnitude 5.3 Ellalong Earthquake in New South Wales, Australia in 1994 (McCue et al. 1995) . Although the expression was developed from observations in California, it seems to be also applicable to Eastern Australia. Interestingly, the N. Lam, S. Venkatesan, J. Wilson, M. Asten, J. Roberts, A. Chandler and H. H correlation of MMI versus PGV obtained for the three historical earthquakes using Eqn 11a is very similar to that obtained from the much simpler expression of Eqn 11b developed originally by Newmark and Rosenblueth (1972) . (11b) Due to the scarcity of historical records, MMI data could only broadly represent conditions of the Melbourne area as a whole and not precisely the study area. It is assumed that the mechanical properties of Silurian mudstone (being the basement rock for Melbourne) do not vary significantly across the suburbs. This assumption is supported by the comparison shown in Figure 3 . In the absence of more extensive survey Figures 12-13 may be taken at this stage to represent conditions of Melbourne as a whole comprising the city and its suburbs. This will be tested in the future by undertaking further surveys across the Melbourne region.
It is noted that the attenuation relationships shown by the curves in Figure 12 are based on motions modelled on the bedrock surface. In contrast, the PGV's inferred from the MMI Intensity data recorded from the historical earthquakes were based on "average site" conditions and were therefore significantly higher than the modelled PGV's. Notwithstanding this, the consistency in trends between the two sets of data should be noted from Figure  12 , and is also reflected in the excellent correlations displayed in Figure 13 (with R 2 = 0.99).
The observation that the PGV's of the historical earthquakes are significantly higher than that shown on the corresponding attenuation curves can be explained by the implicit amplification factor of an average site. This implicit site amplification factor can be inferred directly from Figure 13 in which the modelled PGV (on the bedrock surface) is correlated with the PGV's inferred from historical records (based on conditions at the ground surface of an average site). The implied average site factor is shown to be constrained at around 1:2.2 which is higher than the factor of 1.4 stipulated by the new draft Australian Standard (AS/NZS1170.4 Draft no.DR04303 2004) for common shallow soil (Class C) sites. This relatively high inferred site factor is believed to be associated with the very low intensity motions considered in the correlations.
CONCLUSIONS
(i) The bedrock SWV profiles in the study area of North Melbourne have been determined by field measurements using the SPAC technique in conjunction with seismic refraction data reported for the southern Victorian region in a global database. (ii) Amplification and attenuation factors representing conditions within basement rock were calculated from the modelled SWV profile using the quarter-wavelength rule and correlation functions developed for the κ and Q 0 parameters. (iii) Various transfer functions characterising the local and regional modification mechanisms were combined with the generic source model for intraplate earthquakes to define the frequency content of seismic waves transmitted to the bedrock surface. (iv) Artificial accelerograms were then simulated stochastically based on the determined frequency contents, and response spectra were calculated for different earthquake scenarios. PGV attenuation relationships for rock conditions were then obtained from the response spectra. (v) The PGV attenuation relationship developed from this study is supported by the comparisons with PGV's inferred from MMI Intensity data of three historical earthquakes felt in Melbourne over the past hundred years. The two sets of data are very well correlated (with R 2 = 0.99). The comparison accounted for the fact that the simulated motions were based on rock conditions whereas the MMI Intensity data by definition was based on average site conditions. 
